The background of the NIMS Creep Data Sheet Project, together with the preliminary study and facilities, material selection, and testing method, is summarized. The outcomes from the project are explained, focusing on the long-term creep strength of ferritic and austenitic heat-resistant steels. In some cases, the slope of the stress versus time-to-rupture curve in the long term differed from that in the short term in a manner that was markedly dependent on the type of material. Heat-to-heat variations in creep strength were recognized for ferritic and austenitic steels, even when the chemical compositions of the steels examined were within the range of specifications. The reasons for the heat-to-heat variations were differences in the chemical composition, in the amounts of minor elements, and in the grain size, among others. The existence of inherent creep strength was discovered in the very long term for ferritic heatresistant steels. The amounts of minor solute elements affect the inherent creep strength, independently of precipitation strengthening or the dislocation structure. An inflection point was observed in the tertiary creep stage for a low-alloy steel and for austenitic stainless steels when precipitation occurred during creep. A region-splitting analysis method was proposed for long-term creep strength evaluation for high-chromium ferritic steels. This method was used to review the allowable stress of high-chromium ferritic steels in Japan. A metallographic atlas, time-temperature-precipitation diagram, and fracture-mode map were proposed for ferritic and austenitic steels on the basis of creep-ruptured specimens.
1. Introduction
Background of the NIMS creep data sheet project
In power plants, materials for boiler and turbine components are used for a long time under a stress at the elevated temperature. Creep deformation can occur under a stress at the elevated temperature for materials of power plant components. The time to rupture for creep deformation is usually dependent on the stress and on the temperature. In actual power plants, the design life of components, based on creep fracture, is expected to be about 100 years or more, because stress due to high-temperature steam should be less or equal to the allowable stress. For the safety of power plants, the allowable stresses for materials of components need to be determined based on long-term creep properties. The creep rupture strength for 100,000 h (about 11.4 years) is normally required for determining the allowable stress for the ASME Boiler and Pressure Vessel Code [1] .
In Japan, many power plants and petrochemical plants were constructed on the basis of foreign technologies introduced in the 1960s. As a result, the allowable stresses for the construction of these plants were based on the Japanese ministerial ordinance referring to the allowable stresses of ASME Boiler and Pressure Vessel Code. It was difficult to determine the allowable stresses based on the creep date of materials manufactured in Japan because insufficient creep data were available for materials manufactured in Japan [2] . In consequence, long-term creep test data for materials manufactured in Japan were urgently required to confirm that the expected long-term creep strengths were in accord with the allowable stresses regulated by the technical standards referring to ASME Boiler and Pressure Vessel Code. At first, in the Creep Committee of the Iron and Steel Institute of Japan (ISIJ), personnel from academia and from industry discussed a scheme to produce creep data sheets, focusing on material selection and testing methods. The National Research Institute for Metals (NRIM; currently NIMS) took over the scheme and began a creep data sheet project in 1966. The goal of the project was to determine the 100,000-h creep rupture strength of heat-resistant steels and alloys manufactured in Japan. The need for creep data sheets has evolved in response to societal and economic changes in Japan. Creep data were initially required for determining allowable stresses for the construction of plants, but more recently, creep data have been used in assessing the residual life assessment of components in aging plants.
Preliminary study and facilities
Before the creep data sheet project began, preliminary studies were conducted to standardize creep machines and procedures for creep testing, focusing on single-lever and multi-lever creep machines. The main topics were as follows:
(i) the load accuracy of creep machine, (ii) the distribution of temperature-and timedependent fluctuations of temperature during creep testing, (iii) scattering of the creep rupture life, (iv) size effects of specimens on creep strength, (v) measurement accuracy of creep strain, and (vi) statistical analysis of creep data.
The installation of the specimen, differences in specimen diameter, differences in temperature, the sampling location of the specimen, and the size of the specimen were shown to have little effect on the result of creep rupture life up to 30,000 h.
In the 1960s, a creep-testing laboratory was established in Meguro, Tokyo, with a power incoming unit, an emergency power generator, and an air conditioner. In fact, the emergency power generator has supplied electricity to the creep-testing machine during creep testing four times when power failures occurred, in addition to regular service during legal inspections of the electrical equipment. Several types of creep-testing machine were installed in the creeptesting laboratory: there were 878 single-lever creep-testing machines, 144 multi-lever creep-testing machines, and 46 others.
The creep-testing machines were moved from Tokyo to Tsukuba in 2011, as a result of the closure of the creep-testing laboratory in Tokyo at the end of March 2012. Figure 1 shows a photograph of the creep-testing laboratory in Tsukuba, where there are now a total of 500 single-lever creeptesting machines.
Material selection
The Creep Committee of ISIJ selected materials for creep testing based on the needs of various industries until 1986. After 1986, an advisory board and a technical advisory committee were established in the NRIM as a result of the disbandment of the Creep Committee of ISIJ. The advisory board and the technical advisory committee were made up of members from academia and industry in Japan. The committee members selected materials for creep testing based on the needs of the industry. The criteria for material selection were as follows:
(i) materials manufactured in Japan, (ii) commercial materials, (iii) two or more companies can manufacture the material, (iv) actual production, (v) materials specified in codes or standards, (vi) materials for boilers, turbines, heat exchangers, pressure vessels, and reactors in plants, and (vii) materials that will be used in the near future and that are important.
Creep data collection in foreign countries
In Europe, the European Creep Collaborative Committee (ECCC) was established in 1992 [3] . Its main purpose is to determine creep strength properties for allowable stress in European codes and standards. European institutions are jointly collecting creep data and discussing methods for evaluating creep data.
List of creep data sheets and creep data summaries
Creep data sheets are listed in Table 1 Creep data for all the materials examined as of 1 August 2019 are summarized in Table 2 . In some cases, creep tests were interrupted when the time to rupture was estimated to be too long. Table 3 shows details of creep rupture data in case of time to rupture after more than 300,000 h.
Testing method

Creep testing
Creep tests were performed based on JIS Z 2271:2010, Metallic materials: Uniaxial creep testing in tension: Method of test. Temperature control was based on JIS Z 2271:1999. The tests were conducted under a constant load in air on specimens of 6 mm in gauge diameter and 30 mm in gauge length or 10 mm in gauge diameter and 50 mm in gauge length. To start the creep test, the stress was loaded in a stepwise manner to obtain the relationship between stress and strain. The zero point of strain normally showed a deviation due to the clearance of the junction of the creep-testing machine. The zero point of the strain was estimated from the relationship between the stress and the strain. A fitting curve is fixed for elastic region in the relationship. The zero point of strain is determined when the fitting curve is extrapolated to zero value of stress. Instantaneous strain can be accurately evaluated by using the zero point of strain. The displacement of the creep specimen was continuously measured by a dial gauge or by a linear gauge with an extensometer for high-temperature use attached to the gauge portion of the creep specimens during testing.
Temperature control
The testing temperature was continuously measured by thermocouples attached to the gauge portion of the creep specimens during testing. The temperature was controlled by reference to the measured temperature of specimens during testing. Type PR thermocouples were used up to 1980. After that, Type R thermocouples were used, because of a revision of JIS C 1602:1981. The thermocouples were accurately calibrated by using standard thermocouples. The standard thermocouples were traceable to International Temperature Scale-90 (ITS-90).
After creep testing, the thermocouples were repaired by electrical annealing, because their thermoelectromotive force usually changed after long-term creep testing, as shown in Figure 2 [64] . The thermoelectromotive force can be restored by electrical annealing. Fluctuations in the test temperature were maintained within ±1.5°C during long-term creep testing.
Outcomes
Several outcomes were obtained from the NIMS Creep Data Sheet, as discussed below. Figure 3 shows the creep rupture strength of JIS STBA12 (0.5Mo steel) [12] , ASTM A542 (2.25Cr-1Mo steel) [40] and JIS STBA 25 (5Cr-0.5Mo steel) [16] . The trend in creep strength in the long term is almost the same as that in the short term for JIS STBA25. On the other hand, the long-term creep strengths extrapolated from creep data in the short term are apparently higher than experimental values in the long term for JIS STBA12 and ASTM A542. This indicates that the longterm creep strength property is markedly dependent on the type of material. The initial microstructure and the process of microstructural change during creep exposure can affect creep strength properties. Degradation and the damage mechanism during creep exposure depend on the stress and temperature conditions. Therefore, to understand the long-term creep strength properties, microstructural changes and damage processes during creep exposure need to be investigated. The creep rupture ductilities for JIS STBA24, SCMV4NT, and ASTM A542 steels are shown in Figure 4 [65] . The nominal composition of these three steels is 2.25Cr-1Mo and their initial microstructures are ferrite-pearlite, bainite, and tempered martensite, respectively. The horizontal axis of Figure 4 is the Larson-Miller parameter (LMP) with a parameter constant of 20. For JIS STBA24 and SCMV4NT, the reduction of the area increases monotonously with increasing LMP, meaning that the creep rupture ductility is higher in the long term. However, for ASTM A542, the reduction of area decreases with increasing LMP, reaches a minimum, and then increases in the long term. It has been reported for ASTM A542 [65] that the martensite lath preferentially recovers near prior austenite grain boundaries during creep. Creep deformation can be concentrated near prior austenite grain boundaries, leading to low creep rupture ductility [65] . In the very long term, the martensite lath recovers, even in the prior austenite grain interior [65] . This means that uniform creep deformation can occur in the very long term, leading to high ductility. Figure 5 shows the relationship between stress and the LMP for the carbon steel JIS STB410 [11] . The chemical compositions of all heats are in the range of specification [11] . The creep rupture strength strongly depends on the heat. The heat-to-heat variation of time to rupture is about one order of magnitude at all stress levels examined. The fitting curves for all heats by the LMP are shown in Figure 6 [66] . There are no large differences in the slopes of the fitting curves. The curves can be divided into three groups, depending on the amount of Mo. The time to rupture is longer in the high-Mo carbon steels than in the lowMo ones. Figure 7 shows the relationship between the estimated time to rupture and the Mo content [66] . The time to rupture at 500°C and less than 100 MPa was estimated by using the fitting curve shown in Figure 6 . The time to rupture apparently increases with increasing Mo content. Onodera et al. calculated the equilibrium solute elements and atomic pairs for carbon steels by using Thermo-calc [67] . A good correlation between the concentration of Mo-C and Mn-C atomic pairs and the creep rupture strength was shown by this calculation. The grain size normally affects the creep rupture strength [68] ; however, the effect of grain size on the creep rupture strength was not confirmed for carbon steels [66] . Figure 8 shows creep rupture strengths of plain 12Cr steels [17] and 12Cr-1Mo-1W-0.3V steels [14] at 550°C. For both steels, the chemical compositions of all heats are in the range of specification [14] . However, the heat-to-heat variation of the time to rupture is about one order of magnitude for both steels. Abe investigated the reason for this heat-toheat variation in terms of the initial strength and the chemical composition [69] . In the case of the plain 12Cr steel, the short-term creep strength increased with increasing initial strength (for example, the 0.2% proof stress and ultimate tensile strength) at the creep-testing temperature [69] . However, the initial strength had no effect on the creep strength for the 12Cr-1Mo-1W-0.3V steel [69] . Abe proposed that the effective nitrogen content might explain the heatto-heat variation in the time to rupture [69] . The effective nitrogen content is defined as the solute nitrogen content, because much nitrogen is consumed in forming AlN and TiN. The solute nitrogen can form vanadium nitride, which is a strengthening factor for plain 12Cr steel and for 12Cr-1Mo-1W-0.3V steel. For 12Cr-1Mo-1W-0.3V steel, the relationship between time to rupture and the effective nitrogen content is shown in Figure 9 [14, 54, 69] . The time to rupture increased with increasing effective nitrogen content.
Characteristics of long-term creep properties
Heat-to-heat variations of creep strength
Abe also investigated the reason for heat-to-heat variations for several types of austenitic stainless steel [70] . Figure 10 shows the creep rupture strengths of SUS304HTB, SUS321HTB, and SUS347HTB [8, 9, 32] . For SUS304HTB, the heat-to-heat variation of the time to rupture is large in the long term, but not so large in the short term. On the other hand, heat-to-heat variations of time to rupture are very large in the short and the long term for both SUS321HTB and SUS347HTB. The heat-to-heat variation of time to rupture in the short term for SUS304HTB is due to the difference in the content of Nb, which can form NbC [70] . Table 4 shows the chemical compositions of the SUS304HTB [8] . The effective nitrogen content is also important for austenitic stainless steels, because effective nitrogen can contribute to solid-solution strengthening. Figure 11 shows the relationship between the time to rupture and the effective nitrogen content for SUS304HTB Relationship between estimated time to rupture at 500°C and Mo content for carbon steels. [8, 70] . At low stresses, the time to rupture increased with increasing effective nitrogen content. In the case of SUS321HTB, the difference in grain-size number is the main reason for the heat-to-heat variation of the time to rupture, as shown in Figure 12 [9, 70] . The difference in grain size is due to the Ti content of SUS321HTB [70] , which is much higher than that of SUS304HTB. Therefore, most nitrogen is consumed as TiN in SUS321HTB, so that the amount of effective nitrogen is negligible [70] . Figure 13 shows the relationship between the time to rupture and the boron content of SUS347HTB [32, 70] . The time to rupture increased with increasing boron content under low-and highstress conditions, showing that the main reason for the heat-to-heat variation of the time to rupture is the difference in boron content.
Therefore, there are heat-to-heat variations in creep strength for commercial heat-resistant steels, and the reasons for these variations depend on the type of steel. Figure 14 shows the relationship between the LMP and stress for several ferritic heat-resistant steels [5] [6] [7] 15, 24, 25, 39, 40] . The LMP constant used for evaluation was 20. In the short term, the creep strength strongly depends on the type of steel. For example, the difference in creep strength at 300 MPa is more than three orders of magnitude in the time to rupture. On the other hand, the difference in creep strength becomes very small in the long term as compared with that in the short term. The creep strength in the long term is referred to as the 'inherent creep strength' [71, 72] . A schematic drawing explaining the inherent creep strength is shown in Figure 15 [72] . In the short term, the creep strength depends on the kind of steel, because the microstructural morphology and strengthening factors such as solid-solution or precipitation strengthening also depend on the composition of the steel. However, the creep strength decreases in the long term because microstructural changes, such as the recovery of the dislocation structure and coarsening of precipitates, occur during creep. In the very long term, the effects of strengthening, which depend on the microstructural morphology, such as precipitation strengthening, disappear and the creep strength are almost the same for all ferritic heat-resistant steels, indicating that this is the inherent creep strength. According to Figure 15 , retardation of microstructural changes can contribute to an improvement in the longterm creep strength. Furthermore, an increase in solidsolution strengthening can improve the inherent creep strength itself. The creep strength of ASME Gr.91 (9Cr- 1Mo-V-Nb-N) steel is superior to that of conventional ferritic steel [73] . The carbonitrides MX (M = V, Nb; X = C, N) produce an extreme increase in the creep strength of ASME Gr.91 steel, because the coarsening rate of the MX carbonitrides is very small during creep exposure [74] . It has been reported that the addition of boron increases the creep strength of 9Cr steel [75] . The boron is included in M 23 C 6 carbides on prior austenite grain boundaries, leading to a decrease in the coarsening rate of M 23 C 6 carbides during creep exposure, as compared with boron-free 9Cr steel [76] .
Inherent creep strength
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Characteristics of creep curves and microstructural changes
Creep curves can provide us with information on microstructural changes during creep exposure. The creep rate versus time curves at 600°C and 88 MPa for JIS STBA22 (1Cr-0.5Mo) steel are shown in Figure 16 [77]. For unaged material, the creep rate increases markedly after a minimum creep rate and then the increase in the creep rate becomes small. On the other hand, at 137 MPa, the presence of typical primary (monotonous decrease in creep rate), secondary, and tertiary creep (monotonous increase in creep rate) stages was confirmed. An inflection during tertiary creep is also observed at stresses lower than 88 MPa. A large number of fine carbides several tens of nanometers in size were observed in the as-received Figure 13 . Relationship between time to rupture and boron content for SUS347HTB steel. specimen of JIS STBA22 steel [77] . Dislocations were pinned by the fine carbides during creep, up to the inflection point at around 150 h shown in Figure 16 [77]. However, the carbides abruptly coarsened after the inflection point at around 150 h, indicating a decrease in precipitation strengthening [77] . When pre-aging treatment was performed on the JIS STBA22 steel, the inflection in the creep rate versus time curve disappeared (see Figure 16 ) [77] . The fine carbides observed in the as-received specimen coarsened during pre-aging, indicating that initial precipitation strengthening was reduced during pre-aging. Figure 17 shows the creep rate versus time curves at 700°C for Type 316L(N) stainless steel [78] . At 88 MPa and below, a remarkable decrease in creep rate was observed in the transient-creep stage, and a hump in the curve appeared in the tertiary creep stage. The creep rate in the transient creep stage is considered to be reduced by precipitation strengthening of the Laves phase. The creep rate increases after showing a minimum value due to the coarsening of the Laves phase; however, the increase in creep rate falls and shows a hump in response to the disappearance of the precipitation-strengthening effect [78] . A hump in the tertiary creep stage has also been reported for KA-SUS304J1HTB (18Cr-9Ni-3Cu-Nb-N) stainless steel [79] . In the case of austenitic stainless steels, which are usually subjected to solution treatment, no precipitates are basically observed before creep, and precipitates such as an M 23 C 6 , a σ phase, a Laves phase, and a χ phase are formed during creep exposure. These microstructural changes can result in a complex shape for the creep rate versus time curve, as shown in Figure 17 .
Consequently, to understand the creep strength of heat-resistant steels, microstructural changes and their effects on creep deformation behavior need to be investigated. Figure 18 shows the creep rupture strength of ASME Gr.91 (9Cr-1Mo-V) steel [47, 80, 81] . The fine dotted line is the curve predicted from the LMP by using all the experimental creep rupture data. In the long term, the fine dotted lines apparently overestimate the creep rupture strength as compared with experimental data. In this case, it is difficult to estimate accurately the 100,000-h creep rupture strength that is used for determining the allowable stress. To predict the accurate 100,000-h creep rupture strength, a region-splitting analysis method was proposed for creep-strength-enhanced ferritic steels [80, 81] . The experimental creep rupture data are divided into two regions by the half value of the 0.2% proof stress at the creep-testing temperature, as shown in Figure 18 . The bold dashed line is the curve predicted from the LMP with a parameter constant of 20 by using the experimental data obtained at stresses below the half value of the 0.2% proof stress. The bold dashed line permits an accurate evaluation of the experimental data in the long term. Therefore, region-splitting analysis permits moreaccurate prediction of the 100,000-h creep rupture strength. Figure 19 is a schematic representation of microstructural changes at various applied stresses for creep-strength-enhanced ferritic steels consisting of tempered martensite and precipitates. In the high-stress region, the recovery of the martensite structure occurs homogenously during creep exposure, whereas the recovery takes place preferentially around the prior austenite grain boundaries in the low-stress region [80, 81] . Creep deformation can essentially occur in weak area such as prior austenite grain boundary. However, other areas such as grain interior can easily deform when the applied stress is very high. Therefore, the creep strength in the high-stress region is smaller than that extrapolated from the data in the low stress-region. The boundary stress is the half value of 0.2% proof stress [80, 81] . The half value of 0.2% proof stress corresponds to the proportional limit [81] . The region-splitting analysis method has been applied to review the allowable stress for ASME Gr.91, Gr.92, and Gr.122 type steels in Japan [81] [82] [83] . The region-splitting analysis method can also predict accurate long-term creep strengths of low-alloy steels if the microstructure is bainite or tempered martensite [84] . For ASME Gr.91 steel, the creep strength in the low-stress region is still higher than the inherent creep strength of ferritic heat-resistant steels shown in Figure 14 . Therefore, the creep strength of ASME Gr.91 steel will approach the inherent creep strength when the stress is extremely low.
Method for evaluating the long-term creep strength
The heat-to-heat variation of creep rupture strength is of concern in relation to reviewing the allowable stress for ASME Gr.91 steel. The effects of the chemical composition, such as the Ni content, and of the initial microstructure, such as Cr segregation, on the creep rupture strength are presently under discussion [85, 86] .
Metallographic atlas and fracture-mode map
Metallographic atlases and fracture-mode maps have been investigated for creep-ruptured specimens obtained from the NIMS Creep Data Sheet Project. Figure 20 shows a series of optical micrographs for creepruptured specimens of SUS347HTB steel. No precipitates were observed before creep. The formation of precipitates became visible when the time to rupture and the temperature were increased. Large particles could be clearly seen after creep rupture for 47219.1 h at 700°C, as shown by the arrows. The micrographs shown in Figure 20 were obtained from the gauge portions of creep-ruptured specimens. To investigate the effect of stress or strain on microstructural changes during creep exposure, the microstructures of the grip portions of creep-ruptured specimens were also examined. The time-temperature- Figure 18 . Stress versus time to rupture curve for ASME Gr.91 steel. Figure 19 . A schematic drawing for microstructural changes during creep for ASME Gr.91 steel.
precipitation (TTP) diagram of SUS347HTB steel is shown in Figure 21 . The results shown in Figure 21 were obtained from the grip portions of creep-ruptured specimens; for example, NbC and M 23 C 6 are formed within 0.1 h at 700°C and a σ-phase starts to form on the grain boundary after about 1000 h. Figure 22 shows the fracture-mode map of SUS347HTB steel, together with SEM micrographs. In the high-stress regime at 550°C, creep voids are formed on grain boundaries during creep exposure. In the low-stress regime, creep voids and cracks are initiated at the interface between the σ phase and the matrix. T and S in Figure 22 represent transgranular creep fracture and surface cracking, respectively. Metallographic atlases and fracture-mode maps have also been reported for SUS304HTB [87, 88] , SUS316HTB [89] , SUS321HTB [90, 91] , SUS347HTB [91, 92] , 2.25Cr-1Mo [65] , and Cr-Mo-V [93] steels.
Conclusions
The NIMS Creep Data Sheet Project began in 1966, following discussions on a scheme for producing creep data sheets initiated by the Creep Committee of the ISIJ. Creep tests were performed on 63 types of heatresistant steels and alloys to obtain 100,000-h creep rupture data. The results can be summarized as follows: (1) In some cases, trends in the long-term creep strength data differed from those for short-term creep strength data; however, the differences in trends were small in some steels. The type of material therefore needs to be considered when selecting a method for evaluating long-term creep strength. (2) In many cases, heat-to-heat variations in the creep rupture strength were confirmed to occur, even within the range of specifications. However, the reasons for these heat-to-heat variations depend on the type of material. Possible reasons, such differences in the chemical composition, the grain size, and the amount of effective minor elements, differed for a wide variety of materials. (3) An inherent creep strength was recognized in the very long term for ferritic heat-resistant steels. The inherent creep strength depends on the amount of minor solute elements and on solid-solution strengthening. (4) Creep deformation behavior was complex when precipitation occurred during creep exposure. An inflection was observed in the tertiary stages of the creep rate versus time curves for low-alloy steels and for austenitic stainless steels. (5) To evaluate the long-term creep strength, a region-splitting analysis method was developed for creep-strength-enhanced ferritic steels with tempered martensite structures. The method was applied in a review of the allowable stresses in Japan for several creep-strengthenhanced ferritic steels. (6) A metallographic atlas, time-temperature-precipitation diagram, and fracture-mode map were obtained from creep-ruptured specimens for several heat-resistant steels.
during creep for heat resistant steels and alloys. Recently, he is interested in the effect of segregation on long-term creep strength of ASME Gr.91 and Gr.92 steels.
